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SUMMARY. The aim of our study was to investigate the incidence of duodeno-gastroesophageal reflux-
induced malignant transformation in a series of duodeno-esophageal anastomosis operations in rats. This surgi-
cal method provides a model for reflux-induced esophageal pathologies, without carcinogen administration. The
study design included the follow-up of 31 cases. Thirty weeks of duodeno-gastroesophageal reflux disease sig-
nificantly increased the risk of the development of Barrett’s esophagus, and reflux-induced esophageal adeno-
carcinoma formation was evident in four animals. In one of these particular cases, a superficial squamous cell
cancer was noted in close vicinity to the adenocarcinoma formation. For further analysis, a detailed immuno-
histochemical staining protocol was used. The immunophenotypes revealed cyclin D1 expression (nuclear posi-
tivity in 35% of all the squamous cells), p53 protein accumulation (50% nuclear positivity), with a low
expression of cox-2, and negative c-erbB2 staining in the squamous carcinoma cells. The specialized intestinal
metaplasia and mucinous adenocarcinoma cells exhibited exclusively diffuse cox-2 positivity (90% of all glan-
dular cells) and weak focal c-erbB2 (5%) staining, without cyclin D1 expression or p53 protein accumulation.
Real-time polymerase chain reaction was applied to quantify the abundance of p53, cyclin D1 and cox-2
mRNAs in this biopsy. The most dramatic changes were observed in the level of expression of cyclin D1 (a
9.08-fold expression as compared with the non-treated esophagus samples), while the p53 and cox-2 gene
expressions were increased by 1.61 and 2.45-fold, respectively, relative to the non-treated samples. The results
afford evidence of the simultaneous activation of more than one possible carcinogenetic pathway in experimen-
tal gastroesophageal reflux disease. Synchronous neoplasm formation with different growth pattern character-
istics is a rarity in humans, and this phenomenon suggests that the presented model is a suitable means of
mimicking the whole spectrum of human gastroesophageal reflux disease pathology.
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INTRODUCTION
Chronic gastroesophageal reflux disease (GERD) is
associated with an increased risk of  the develop-
ment of  adenocarcinoma of the esophagus (EAC).
Although the role of  gastric acid in the pathomech-
anism of mucosal lesions is indisputable, the availa-
ble clinical and experimental evidence suggests that
acid-induced mucosal injury is significantly exacer-
bated in the presence of  bile. Most importantly,
clinical investigations have proved the correlation
between biliary regurgitation and the presence of
severe precanceroous complications, for example
Barrett’s metaplasia (BE).1 In line with this, we
have previously demonstrated that the acidic intra-
luminal milieu drastically decreases the βATPase
gene expression in the superficial esophageal wall,
but the expression is further reduced in the deeper
tissue layers in the presence of  bile.2
The main purpose of this study was to investigate
the incidence of  GERD-induced malignant trans-
formation in a series of duodeno-esophageal anasto-
moses in rats. This surgical method provides a suitable
model for reflux-induced esophageal pathologies
without the need for additional carcinogen admini-
stration.3,4 The study design included the follow-up
of 31 cases for 30 weeks; reflux-induced carcinoma
formation was evident in four animals. Further, gross
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evaluation and preliminary histology suggested the
possibility of the simultaneous formation of esopha-
geal squamous cell carcinoma (ESCC) and mucinous
EAC in one of  these biopsies.
In humans, the histopathology spectra of  devel-
oping carcinomas may include ESCCs, EACs and
adenosquamous carcinomas,5 but synchronous malig-
nant neoplasm formation with different modes of
epithelial histogenesis is highly unusual.6 We there-
fore performed a detailed analysis of  the immu-
nophenotypes; the results furnished evidence of  the
simultaneous activation of  more than one possible
carcinogenetic pathway during the malignant trans-
formation of  the exposed esophageal tissues.
MATERIALS AND METHODS
Animals
The experiments were performed in accordance with
the National Institutes of  Health Guidelines (Guide
for the Care and Use of  Laboratory Animals). The
study protocol was approved by the Animal Wel-
fare Committee of  the University of  Szeged.
Surgery
Thirty-one male Sprague-Dawley rats (average weight
250 g) were used. The animals were fed with stand-
ard solid laboratory chow and tap water and kept in
an animal room with controlled temperature, 50%
relative humidity and a 12-h light/dark cycle.
The animals were anesthetized with sodium pento-
barbital (45 mg/kg i.p.), placed on a heating pad for
the maintenance of  body temperature between 36–
37°C, and received an infusion of Ringer’s lactate at
a rate of  10 mL/kg/h during the experiments. Small
supplementary doses of  pentobarbital were admini-
stered when necessary. A longitudinal midline laparo-
tomy was performed, and a side-to-side fashion
esophago-duodenostomy was made with 7/0 atrau-
matic nonabsorbable interrupted stitches to join the
duodenum to the esophagus. This procedure per-
mits chronic reflux of  mixed duodenal and gastric
contents into the esophagus through the site of  the
anastomosis, while the normal stomach function is
preserved (Fig. 1).
The rats were killed 30 weeks after surgery by
diethyl ether inhalation and the abdomen and thorax
were opened. The esophagus and the stomach with
the anastomosed duodenum were removed in conti-
nuity, longitudinally opened, and spread on a cork
plate for macroscopic examination. One part of  the
specimen was fixed in 10% neutral buffered forma-
lin in phosphate-buffered saline, while the other
part was stored at –80°C. Esophagitis, dysplasia,
BE, EAC and ESCC were classified according to
standard classification techniques.7,8
Histological techniques
Formalin-fixed and paraffin-embedded blocks were
used for light microscopy, using hematoxylin-eosin
(HE), periodic acid Schiff  – alcian blue (PAS–AB,
pH = 2.5) and Gomori’s aldehyde fuchsin – alcian
blue (GAF–AB) staining for the identification and
subtyping of  intestinal metaplasia.
For immunohistochemical staining, an immuno-
peroxidase streptavidin-biotin complex system (LSAB2,
DAKO Laboratories, Glostrup, Denmark) with
diaminobenzidine (DAKO Laboratories, Glostrup,
Denmark) color modification was used. Sections sliced
at 4 µm were placed on silanized slides, dewaxed in
xylene and rehydrated in decreasing concentrations
of ethanol. Tissue sections were identified with
cyclooxygenase-2 (cox-2) (LabVision, USA, Clone
SP21; at a dilution of  1 : 100), c-erbB2 (Ab-1 21N;
1 : 200) and cyclin D1 antibodies (Clone SP4; 1 : 100)
in 10 mmol/L citrate buffer (pH 6.0) for 3 min in an
autoclave (105°C), while sections stained with p53
antibody (Clone PAb 240; 1 : 50) were identified via
autoclave (105°C) treatment in 1 mmol/L edetic
acid (EDTA) (pH 8.0) for 3 min. In each case, posi-
tive and negative controls were included.
Histological evaluation was based on established
histopathological parameters.3,4 The coded sections
were analyzed by two independent investigators
(N.I. and T.L). The ratio of  positive/negative cells
was calculated by inspecting 10 consecutive high-
power fields.
RNA isolation and quantitative real-time polymerase 
chain reaction (Q-RT-PCR)
For total RNA isolation, the proximal and distal
parts of  the esophagus were separated. The samples
were put into TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and homogenized with a mortar (Ultra-
Turrax T8, IKA-WERKE GmbH, Staufen, Germany),
and the RNA was isolated. cDNA was generated
Fig. 1  Schematic illustration of side-to-side esophago-duodenostomy.
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with oligo(dT) and random hexamer primers from
1 µg of  RNA, using a iScriptTMcDNA Synthesis Kit
(Bio-Rad Laboratories, Hercules, CA, USA) in a final
volume of 20 µL. After reverse transcription, the Q-RT-
PCR was performed to quantify the abundances of
p53, cyclin D1 and cox-2 mRNAs, using TaqMan®
Gene Expression Assays (Applied Biosystems, Foster
City, CA, USA) Rn00755717_m1, Rn00432359_m1
and Rn00682546_g1, respectively. The primers for
detection of  the expression of  18S ribosomal RNA
were: 5′-CGGGCTACCACATCCAAGGAA-3′ and
5′-GCTGGAATTACCGCGGCT-3′, while the sequence
of the 18S-specific TaqMan probe (purchased from
IDT Probes, Chicago, IL, USA) was 5′-TexasRed_
TGCTGGCACCAGACTTGCCCTC-BHQ-3′. The
Q-RT-PCRs were performed with iQ Supermix
(Bio-Rad Laboratories) in an iCycler (Bio-Rad
Laboratories). Data were evaluated via descriptive
statistics.
RESULTS
Table 1 summarizes the most important light micro-
scopy findings. Signs of  chronic GERD, including
basal cell hyperplasia, acanthosis and hyperkerato-
sis, were apparent in 15 cases (48%), while the hist-
ology revealed normal mild degree of  inflammation
in 16 animals (52%). In the animals with GERD,
carcinoma formation was present in four cases
(25%), and detailed histology analyses were per-
formed on these tissue samples. Macroscopic and
microscopic findings for case 29 are detailed below.
Macroscopic findings
The dissection of  esophageal specimen 29 indicated
an increased wall thickness and marked irregular
folds with a typical cobblestone appearance, exten-
ding from the mid-esophagus to the angulus of  the
stomach (Fig. 2A). Mucus hypersecretion was also
present. Scattered erosions 1–3 mm in diameter were
noted on the lower part of  the esophagus and the
upper gastric part. The appearance of  the larynx
and duodenum was normal.
Microscopy
In the stratified squamous epithelium of the mid-
esophagus, typical reflux-associated signs were present,
Table 1 Histopathological findings on rat esophagojunctional samples (see Methods for histopathology and evaluation criteria)
Squamous epithelium Barrett’s epithelium
No. GERD Dysplasia Carcinoma +/– Dysplasia Carcinoma
1. – – – – – –
2. + – – + – –
3. + – – + + –
4. + – – + + +
5. – – – – – –
6. + – – + + –
7. – – – – – –
8. + + – + + +
9. – – – – – –
10. – – – – – –
11. – – – – – –
12. + + – + + +
13. – – – – – –
14. – – – – – –
15. + + – + + –
16. + + – + – –
17. – – – – – –
18. + + – + + –
19. + + – + + –
20. – – – – – –
21. + – – – – –
22. – – – – – –
23. + + – + + –
24. + – – Not identified
25. + – – – – –
26. – – – – – –
27. – – – – – –
28. – – – – – –
29. + + + + + +
30. – – – – – –
31. – – – – – –
n = 15 n = 8 n = 1 n = 12 n = 10 n = 4
(48%) (26%) (3%) (39%) (32%) (13%)
GERD = gastroesophageal reflux disease
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including squamous basal cell hyperplasia, acan-
thosis and hyperkeratosis, together with ulceration,
chronic active inflammation, and eosinophil and mast
cell accumulation. The lower part of  the esophagus
exhibited ulcerated squamous cell carcinoma with
invasive foci of  keratin pearls. The adjacent squa-
mous epithelium was dysplastic, ranging from mild
dysplasia to carcinoma in situ, where the basal layer
was already replaced by skipping metaplastic glan-
dular mucosa (Fig. 2B–D). PAS–AB and GAF–AB
staining revealed the acidic sulfomucin content of
the metaplastic goblet cells, meeting the requirements
of type III specialized intestinal metaplasia. At the
squamocolumnar junction, microscopic mucinous
adenocarcinoma (maximum diameter 2 mm) invad-
ing the submucosal region was identified. The tumor
was surrounded by dense mononuclear inflamma-
tion and mastocytosis at a distance of  1 mm from
the squamous cell carcinoma.
Immunohistochemistry
Predominantly the basaloid part of  the dysplastic
squamous epithelium and squamous cell carcinoma
cells exhibited cyclin D1 expression (nuclear posi-
tivity in 35% of all the squamous cells) and p53
protein accumulation (nuclear positivity in 50% of
all the squamous cells) with a low expression of
cox-2 (less than 10% of all the glandular cells) and
negative c-erbB2 staining. The specialized intestinal
metaplasia and mucinous adenocarcinoma cells
displayed exclusively diffuse cox-2 (90% of all the
glandular cells) and weak focal c-erbB2 (5%, restricted
to the dysplastic glandular cells) expression (Fig. 2E–
I). The adenocarcinoma cells did not exhibit cyclin
D1 expression or p53 protein accumulation.
Gene expression changes
To detect gene expression changes in the distal part
of  the esophagus, six age-matched control rats were
sacrificed, their esophagus was removed and cut
into two parts, and the abundances of  p53, cyclin
D1 and cox-2 mRNAs were detected. The changes
in mRNA abundance of  these genes were followed
by means of Q-RT-PCR to compare the gene expres-
sion changes caused by the experimental GERD.
The expressions of  these genes were significantly
increased; for cyclin D1, a 9.08-fold elevation was
observed, while the p53 and cox-2 gene expressions
were increased 1.61-fold and 2.45-fold, respectively,
as compared with the non-treated control tissue
samples (Fig. 3).
DISCUSSION
Very few data are available on the simultaneous ini-
tiation of  divergent carcinogenetic pathways leading
to the synchronous development of  carcinomas of
different histological types in the same individual.
The reason for this restriction is unclear, but Pera
et al. demonstrated that esophageal tumors with
squamous phenotype express p53 and cyclin D1
while the differentiation toward glandular-type
epithelium is associated with decreased expressions
Fig. 2 Synchronous esophageal carcinomas after 
gastroduodeno-esophageal reflux-induced mucosal damage 
in the rat. (A) Macroscopic image of  specimen 29. (B–E) 
Representative photomicrographs of  the esophageal mucosa 
from the same experiment. (B) Squamous cell carcinoma (*) and 
mucinous adenocarcinoma (**), HE staining, original 
magnification × 56. (C,D) Higher magnification of  the same 
fields, HE staining, original magnification × 112. (E) Specialized 
intestinal metaplasia, HE staining, original magnification × 224. 
(F) Cyclin-D1 nuclear positive cells in squamous cell carcinoma, 
original magnification × 400. (G) p53 nuclear positive cells in 
squamous cell carcinoma, original magnification × 400. (H) 
Cox-2 expression in dysplastic intestinal glands, original 
magnification × 400. (I) Focal c-erB2 expression staining in 
specialized intestinal metaplasia, original magnification × 400. 
See Methods for further details of  the histopathology.
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of p53 and cyclin D1.9 Our data support and extend
these findings. In this particular case, the squamous
phenotype was associated with predominantly posi-
tive p53 and cyclin D1 immunostaining, while the
route toward BE and EAC differentiation was char-
acterized by cox-2 positivity. The EAC cells exhibited
p53 and cyclin D1 negativity, the most dramatic
increase being observed in the level of  expression of
cyclin D1. Although gene expression data cannot
be linked to distinct tumors, this inverse change
may be specific to EAC formation.
In humans, most of  the EACs arise in BE, in
which columnar cell metaplasia replaces the native
squamous cell epithelium lining the distal esopha-
gus. It is important to note that a gastric reflux alone
does not lead to the Barrett metaplasia-carcinoma
sequence. This premalignant lesion develops as a
consequence of  the chronic reflux of  acid and bile
secretions into the esophagus. It has been suggested
that duodenal juice, that is bile, induces oxidative
stress in the esophageal epithelium, thereby leading
to chronic inflammation and then metaplasia.10 There
is increasing evidence that supports a progression
from metaplasia to dysplasia, and finally to EAC,
indicating a disturbed cell cycle regulation in the
reflux-induced carcinogenesis.
An understanding of  the nature of  regurgitation-
induced mucosal lesions presupposes the use of
suitable experimental models. In our experiments, severe
macroscopic, microscopic and molecular alterations
were observed in nearly 50% of the cases after 30
weeks of  chronic gastroduodeno-esophageal reflux.
As in previous studies, we confirmed that duodenal
juice without exogenous carcinogen administration
can undoubtedly contribute to epithelial hyperpro-
liferation and esophageal carcinogenesis.3,4,10 How-
ever, it was also observed that different cell types
together with cells in different stages of  maturation
(squamous primitive basal/spindle cells or mature
keratinocytes and glandular metaplastic epithelium)
can give rise to various reactions in the same field.11
The extensive investigation of  Pera et al. demon-
strated gradually increased expressions of  p53 and
cyclin D1, from papillary hyperplasia toward undif-
ferentiated basaloid carcinoma, but gradually decreased
expressions of  p53 and cyclin D1 toward glandular
differentiation.9 It is our working hypothesis that
two parallel pathways exist during the field effect of
the duodenal content on the esophageal mucosa.
The first, initiator event encourages the fast mucosal
evolution of  squamous basal (stem) cells to mature
keratinocytes and/or metaplastic goblet cells. The
second, promoter event can act on different stages
in the maturation of  the promoted cells, resulting in
tumors that have different gene expressions and
phenotypic appearances. The combination of  these
pathways may result in various carcinomas, as in
the present case (Fig. 4).
Bile salts may target several potentially intercon-
nected pathways, leading to a mucosal barrier impair-
ment, and may alter the function of  cells that they
are likely to contact. It has been shown that even
physiological levels of  deoxycholic acid are capable
of inducing NF-κB and NF-κB target gene expres-
sion.12 The intraluminal bile reduces the ATP content
of the exposed tissues, and at the mitochondrial
level bile acids may cause cytochrome c release and
Fas-dependent apoptosis or necrosis, and inhibit
Fig. 3 Expression changes of  cox-2, p53 and cyclin D2 genes 
in control rats (n = 6) and gastroduodeno-esophageal reflux-
induced esophageal carcinomas (see Methods for further 
details).
Fig. 4 Schematic illustration of  proposed pathways of  
gastroduodeno-esophageal reflux-induced mucosal damage and 
malignant transformation in the rat esophagus. Initiation of  
metaplastic process induces diverse expression of  cyclin D1 
and cox-2 genes at stages of  squamous hyperproliferation or 
specialized intestinal metaplasia, respectively. Esophageal 
cancer induced by carcinogenic hits preserve the gene expression 
profiles of  the standpoint lesions (squamous or glandular).
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the activities of  complexes I and III of  the mito-
chondrial respiratory chain.13,14
Elucidation of  the role of  bile in esophageal car-
cinogenesis is complicated by possible species
differences15 and by the intrinsic complexity of  the
esophageal tissue, which is made up of many different,
but interacting cell types. Synchronous neoplasm
formation with different growth pattern characteristics
is a rarity in both humans and model experiments.
Interestingly, this suggests that the experimental
model presented is applicable for mimicking the
human pathology and etiology of persistent GERD-
induced carcinogenesis.
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